Abstract. Top-down effects of predators on prey behavior and population dynamics have been extensively studied. However, some populations of very large herbivores appear to be regulated primarily from the bottom up. Given the importance of food resources to these large herbivores, it is reasonable to expect that forage heterogeneity (variation in quality and quantity) affects individual and group behaviors as well as distribution on the landscape. Forage heterogeneity is often strongly driven by underlying soils, so substrate characteristics may indirectly drive herbivore behavior and distribution. Forage heterogeneity may further interact with predation risk to influence prey behavior and distribution. Here we examine differences in spatial distribution, home range size, and grouping behaviors of African buffalo as they relate to geologic substrate (granite and basalt) and variation in food quality and quantity. In this study, we use satellite imagery, forage quantity data, and three years of radiotracking data to assess how forage quality, quantity, and heterogeneity affect the distribution and individual and herd behavior of African buffalo. We found that buffalo in an overall poorer foraging environment keyed-in on exceptionally high-quality areas, whereas those foraging in a more uniform, higher-quality area used areas of below-average quality. Buffalo foraging in the poorer-quality environment had smaller home range sizes, were in smaller groups, and tended to be farther from water sources than those foraging in the higher-quality environment. These differences may be due to buffalo creating or maintaining nutrient hotspots (small, high-quality foraging areas) in otherwise low-quality foraging areas, and the location of these hotspots may in part be determined by patterns of predation risk.
INTRODUCTION
Herbivores are important components of African savanna that shape the plant communities they depend upon, and are in turn strongly influenced by the spatiotemporal variation in the quantity and quality of forage. At foraging sites, plant quantity, quality, and structure can influence herbivore intake rates (Ungar and Noy-Meir 1988) , selectivity (Sinclair and Gwynne 1972) , and overall diet quality (Prins 1996 , Macandza et al. 2004 ). Grazers and browsers respond to coarser-scale spatial and temporal variation in food quality and quantity through local, short-term shifts in foraging locations (Fryxell et al. 2004) , and larger scale seasonal migrations (Sinclair 1977 , Fryxell et al. 1988 . Herbivores, in turn, can influence soil nutrient distribution and cycling rates at both local (McNaughton 1988 , Frank et al. 1994 ) and landscape scales (McNaughton 1984 , McNaughton et al. 1997 , Polis et al. 1997 , Frank and Groffman 1998 , affecting plant growth rates, distribution, quantity, and quality (McNaughton 1984 , Polis et al. 1997 , Sinclair 2003 .
The top-down effects of predators on herbivore behavior (Underwood 1982 , Scheel 1993 , Creel and Winnie 2005 , distribution (Heithaus and Dill 2002, Winnie and , and population dynamics (Sinclair 1977 , Sinclair and Arcese 1995 ) have been extensively explored. Recently, however, several authors have presented evidence that populations of Africa's largest herbivores are regulated primarily from the bottom up (Sinclair et al. 2003, Radloff and Du Toit 2004 , but see Ogutu and OwenSmith 2005) , and if this is the case, variation in food quality and quantity may not only be important drivers of large-herbivore distribution on the landscape (Sinclair 1977 , Morgantini and Hudson 1985 , Prins 1996 , but also influence both individual and group behaviors. We are not implying that predation risk is unimportant to these animals. Individual large herbivores doubtless do not care whether predation is additive or compensating at the population level, and can reasonably be expected to behave in ways that reduce personal risk. Indeed, predation has been identified as the leading cause of adult mortality in some populations of large herbivores (Sinclair 1977, Prins 1996, Ogutu and (Sinclair 1977 , Mills et al. 1995 , Prins 1996 , Sinclair et al. 2003 , Radloff and Du Toit 2004 . African buffalo (Syncerus caffer; see Plate 1) is a common species of large herbivore (þ450 kg) in African savanna that shape the plant communities they graze, and through their influence upon forage species, indirectly affect the spatiotemporal distribution of other grazers (Sinclair 1977 , McNaughton 1985 , Prins 1996 . Buffalo are prey for lions (Sinclair 1977 , Prins 1996 , Radloff and Du Toit 2004 , food, and trophies, for subsistence and sport hunters, and are one of Africa's ''Big Five,'' widely promoted as tourist attractions. In Kruger National Park, South Africa (KNP), buffalo are also reservoirs for bovine tuberculosis (BTB) (Rodwell et al. 2000) , and due to their dietary preference for grasses (Sinclair 1977 , Prins 1996 , Gagnon and Chew 2000 , Macandza et al. 2004 , are likely to come in contact with domestic cattle, and through cattle indirectly infect humans (AHEAD GLTFCA Working Group 2006) . The identification of variables that drive buffalo distribution and behavior is important to understand the dynamics of intra-and interspecific disease transmission and overall savanna ecosystem function.
The western two-thirds of the KNP is underlain primarily by granite substrates, while the eastern portion of the KNP is primarily basalt (Gertenbach 1983) . These geological substrates are strong drivers of coarse-scale savanna heterogeneity , Venter et al. 2003 . Granite areas are generally less fertile than basalt, with sandier soils harboring small nitrogen pools that tend to turn over slowly. In contrast, areas underlain with basalt tend to have more fertile, clayey soils, larger nitrogen pools, and higher nutrient turnover rates , van Wildgen et al. 2003 ; but see Mutanga et al. 2004 ). These differences in geologic substrate lead to fundamental differences in savanna plant communities in KNP (Venter 2003) , thus indirectly influencing the quality, quantity, and distribution of forage for grazers and browsers. Indeed, Bell (1982) suggested that the influence of substrate on plant communities is so important that plant-soil relationships should be incorporated into studies of community interactions and treated no differently than trophic interactions.
In KNP, individual buffalo often move from one herd to another, resulting in frequent changes in herd sizes, and both herds and individuals move freely between areas underlain by granite and basalt (Cross et al. 2005) . The variables that influence these herd dynamics have not been well studied. Because individuals behaviorally adapt to environmental conditions in real time, geologic heterogeneity that leads to plant community (forage) heterogeneity may indirectly influence animal behavior from the bottom up as they move from one area to another.
Buffalo behavioral responses to forage heterogeneity may in turn influence: the intra-and interspecific transmission and persistence of diseases (Cross et al. , 2005 ; the quantity (Murray and Illius 2000) and quality of forage available to other grazers (McNaughton 1984 (McNaughton , 1985 ; the distributions and population dynamics of other herbivores (Sinclair 1977 , McNaughton 1984 , McNaughton et al. 1988 ; intraspecific interactions, including influencing the strength and nature (linear vs. nonlinear) of density dependence (Chesson and Rosenzweig 1991, Getz 1996) ; and feedback to influence savanna plant community dynamics (McNaughton 1985 , Scholes 1990 , Polis et al. 1997 , Sinclair 2003 . To explore these possibilities, it is first necessary to establish the basic responses of buffalo to the variation in quality and quantity of their food sources, a heterogeneity that in KNP is largely driven by geologic substrate , Venter et al. 2003 ). Here we examine differences in spatial distribution, home range size, and grouping behaviors of African buffalo as they relate to geologic substrate (granite and basalt), and variation in food quality and quantity. In this study, we used satellite imagery, forage quantity data, and three years of radio-tracking data to assess how forage quality, quantity, and heterogeneity affect the distribution, individual, and herd behavior of African buffalo.
Hypotheses
Prior research suggests that buffalo will be more selective in areas and times when forage is abundant (Sinclair and Gwynne 1972) . Thus, in addition to testing the hypothesis that forage quality and quantity in granite areas will be of uniformly lower quality and quantity than in basalt areas, we also test the hypothesis that measures of forage quality at buffalo locations will not only be higher on basalt than on granite, but on basalt, buffalo locations will be above the average quality of basalt areas (i.e., buffalo will be more selective while on basalt).
Prior work indicates that buffalo range more widely to meet their daily foraging needs when forage quality is low . We test the hypothesis that lower overall quality forage on granite substrates will lead to larger individual buffalo home ranges as compared to home ranges on basalt. Elgar (1989) suggested that animals in groups may be converging on preferred forage, and offered this as a possible alternative to grouping as predator defense. Given the generally low predation pressure on buffalo (Mills et al. 1995 , Sinclair et al. 2003 , Radloff and Du Toit 2004 , and the large herds common to buffalo (Sinclair 1977 , Prins 1996 , converging on resources offers a possible explanation for group formation. Thus, we test the hypothesis that group sizes will be larger on granite than on basalt because buffalo will converge on a limited number of high-quality areas. Buffalo in basalt areas will not need to converge on resources because the forage will be of uniformly higher quality. Alternatively, if group size on granite soils is primarily driven by intraspecific competition for limited quantity and quality of forage, we may expect herds to be smaller on granite than basalt substrates.
Finally, because areas nearer to rivers and water holes support greater plant growth throughout the year, we test the hypothesis that buffalo locations will be biased in favor of these areas in both granite and basalt areas, but will be more pronounced in the overall lower-quality granite areas. We also test the related hypothesis that there will be no difference in distance to artificial water sources (boreholes) due to their ubiquity in both regions of the park (Redfern et al. 2003; SANPARKS [South Africa National Parks; unpublished data] ).
METHODS

Study area
Kruger National Park, South Africa, is located along the north end of the border between Mozambique and eastern South Africa. The substrate underlying Kruger is divided east-west between granite (1 255 943 ha) and basalt (643 026 ha), respectively (Fig. 1) . The annual wet season extends from roughly November through April, but the precise beginning and end dates vary from year to year, and delays in plant responses to changes in precipitation further blur the boundaries between seasons within and between years. Data for this study were gathered from mid-2001 through 2003, and we delineated wet and dry season based on the above range of dates.
African buffalo
In KNP, African buffalo numbers ranged from ;23 000 to 25 500 during the study period (SAN-PARKS, unpublished census data). Throughout the study, buffalo were often found in large, mixed-gender herds, ranging up to 1000 individuals in a single herd. Smaller herds and singles are generally breeding-age (and sometimes older, postbreeding-age) bachelor males that periodically rejoin the larger herds in attempts to breed (Sinclair 1977 , Prins 1996 . Kruger helicopter census counts indicate that more buffalo are on granite than basalt (averaging ;14 000 on granite and 10 000 on basalt per year during this study), but buffalo density is lower on granite than on basalt (0.011 buffalo/ha on granite; 0.016 buffalo/ha on basalt) (KNP annual Megaherbivore Censuses, 2001 .
As part of a study addressing the spread and persistence of bovine tuberculosis (Cross et al. , 2005 from 2001 to 2003, we randomly selected 134 individuals from representative age and sex classes and fitted them with VHF radio collars (MOD-600 transmitter, Telonics Incorporated, Mesa, Arizona, USA). We attempted to distribute these collars evenly across granite and basalt in the central portion of KNP.
However, buffalo frequently moved between herds and from one substrate to the other, thereby disrupting the equal distribution of radio collars across the two substrates (Cross et al. 2005) . Field personnel radiotracked focal herds once per week year-round, and if an individual went missing for over one month it was relocated using fixed-wing aircraft. These individuals yielded 14 980 locations for these analyses. In addition to date, time, and coordinates, we assigned a season (wet, dry) depending on the date of the fix, to each buffalo location. For this study, we defined the study area as the intersection between the minimum convex polygon (MCP) around the entire set of buffalo locations (Convex Hulls around Points v. 1.22, Jeness Enterprises, Flagstaff, Arizona, USA) and the area within Kruger National Park (Fig. 1) .
To determine differences in the sizes of individual buffalo home ranges between granite and basalt, we made two comparisons. First, for individuals with !40 locations on both substrates, we compared the area on each substrate using 90% LoCoH (Local Convex Hulls) (k ¼ 5 [see Getz and Wilmers 2004, Getz et al. 2007] determine home range sizes in square kilometers.
(Larger values for k yield larger home range estimates, encompassing areas that buffalo are likely to have used, whereas smaller values of k, particularly when combined with lower percentage isopleths, yield tight, conservative home range estimates. That is, we can be more certain that areas within a k ¼ 5, 90% LoCoH were used than for a higher k, higher percentile LoCoH isopleth as the home range boundary [see Ryan et al. 2006] .) Second, we compared home range sizes of individuals that spent most of their time on one substrate, vs. individuals that spent most of their time on the other substrate (in effect comparing residents of one substrate vs. the other). We defined most of their time as five times as many fixes on one substrate vs. the other, with a minimum of 40 locations on the home substrate. We chose 40 as a minimum number of locations needed to define a home range based on exploratory regressions that showed an asymptote in the relationship between the number of points used to build a home range and the total area of the home range occurring between 20 and 40 fixes. As a final check, we regressed home range size against the number of locations used for all home ranges built using 40 or more locations, and found no significant differences in area as number of fixes increased (r 2 ¼ 0.012, P ¼ 0.32). For the construction of home ranges, we used all the buffalo locations available to us (unlike our evaluations of buffalo location characteristics [see Forage quality, Landsat data, and buffalo location characteristics]). For analysis of the resulting home range data, we used single-factor ANOVA with home range size in square kilometers as the dependent variable and substrates (granite, basalt) as independent factors.
Group size
To compare group size between substrates we used two different sources of data. Kruger National Park's annual megaherbivore census is a comprehensive helicopter census of all large herbivores and takes place in the late dry season (typically in late August to early September). Second, we used data from our own field counts (begun in early 2002) while locating radiocollared buffalo throughout the year. Counting buffalo from the ground can be surprisingly difficult, particularly in areas of tall, dense grass, so we used markresight Lincoln-Peterson estimates (Chapman 1951 , Pollock et al. 1990 , and were only able to count herds that were near, or in the process of crossing, roads. When tracking buffalo using VHF telemetry, we determined how many collared individuals were in a herd. Then we counted the herd, recorded how many of the collared individuals we saw, and used the proportion of collared individuals seen to correct the herd count, yielding an estimate of overall herd size. LincolnPeterson estimates assume a closed population, no loss of marks, and equal chances of resighting. In this case, where the marked individuals are known to be present, these assumptions are met for the brief period during which we sampled a herd.
For our analysis of the KNP megaherbivore census data we used single-factor ANOVA, with herd size as the dependent variable and substrate (granite, basalt) as the independent variable. For our count data, we used factorial ANOVA with herd size as the dependent variable and substrate (granite, basalt) and season (wet, dry) as the independent variables. As is typical of group size distributions, these data are right-skewed by a few very large herds. Fixed-effect ANOVA is very robust to violations of both normality and homogeneity of variance (Zar 1999) .
In addition to the herd size comparisons just described, for both the KNP census data and our own counts, we calculated the herd size experienced by typical buffalo on both granite and basalt by weighting each herd observation by herd size as per Jarman (1974) .
Forage quality, Landsat data, and buffalo location characteristics
To assess forage quality at buffalo locations we used Normalized Difference Vegetation Index (NDVI) derived from 30-m resolution Landsat satellite Environmental Thematic Mapper (ETM) data. NDVI is a measure of greenness that gives a coarse measure of photosynthetic activity (NASA, Earth Observatory), which is in turn positively correlated with vegetation quality (nutrient content) (Sinclair 1977 , McNaughton 1985 , Prins 1996 and net primary productivity (Rasmussen 1998) . NDVI values can range from À1 to 1, with higher values indicating greener, more photosynthetically active areas. Mutanga et al. (2004) found low overall nutrient (Ca, K, Mg, N, Na, P) content across grass species (e.g., ,1% of each element) in northern KNP at the wet-dry season transition (April and May), and that nutrient content varied in response to both local geography (slope, aspect, elevation, and soil texture) and landscape-scale geology (areas underlain by granite vs. basalt). Variation in vegetation quality at these spatial scales has been demonstrated to influence African buffalo diet quality (Sinclair and Gwynne 1972 , Sinclair 1977 , Macandza et al. 2004 ). In turn, NDVI has been shown to reflect measures of plant quality important to herbivores, including crude protein concentration ( percentage of crude protein) and NDF (neutral detergent fiber) (Starks et al. 2006) , and nitrogen concentration (Kruse et al. 2006) . For elephants (Loxodonta africana) in northern Kenya, NDVI is positively correlated with pregnancy rates (Wittemyer et al. 2007) , and possibly juvenile survival (Rasmussen et al. 2006) , indicating that NDVI captures vegetation characteristics that influence herbivore fitness.
The use of NDVI is problematic in that it is a function of both individual plant greenness and biomass. NDVI values increase as both greenness and biomass increase, and once full coverage of the ground occurs, it is mainly differences in plant greenness that are reflected in changing values. Thus, we also include measures of biomass (see Forage quantity, below), to help us infer the degree to which NDVI reflects differences in forage greenness vs. quantity.
Some studies using satellite spectral data rely upon relatively low spatial resolution data (e.g., 1-km MODIS) in exchange for high temporal resolution (daily or eightday intervals). Because we wished to determine fine-scale differences in forage quality, and coarse-scale temporal changes in habitat use (wet vs. dry season), we chose high spatial, but low temporal, resolution data (30-m Landsat ETM). Implicit in this approach is the assumption that the NDVI value of a location is representative of that site's quality for that season, regardless of date within that season. The lack of high temporal resolution available in Landsat imagery limited our opportunities to acquire clear views (,2% cloud cover) of the study area from November through April, and we obtained only one clear wet-season view during the study period from 2001. We used the latest dry-season view we could obtain in each year (2001) (2002) (2003) ; the dates of these views are in Table 1 . We used Idrisi GIS (Clark Laboratories, Clark University, Worcester, Massachusetts, USA) to build 30-m resolution NDVI layers from the original Landsat ETM data using the standard formula (NASA, Earth Observatory):
We imported the buffalo location data and NDVI data layers into ArcView GIS (ESRI, Redlands, California, USA) and using additional data layers obtained from SANPARKS (unpublished data), extracted the type of substrate (granite, basalt), distance to nearest river (including all primary, secondary, and tertiary watercourses), water hole, and borehole (artificial water source) for each buffalo location. We also extracted the NDVI value at each buffalo location from the temporally nearest NDVI data from the same year. For example, if a location in 2001 was designated as a dry-season location, we extracted the NDVI value at that location from the 2001 dry season satellite view.
We used autoregression on NDVI values at buffalo locations to check the data for autocorrelation. We sorted the locations on their x and y coordinates and by year (lowest to highest), without regard to individuals, To assess buffalo selectivity, we generated 14 980 random points across the study area (equal to the original number of buffalo locations) and randomly assigned 25% of the points to each of the four NDVI layers. We checked for independence in these data by looking for autocorrelation between the NDVI values at nearest spatial neighbors using autoregression, as we previously did for buffalo locations. For these autoregressions we further divided the data into four groups based on substrate and season (granite, wet; granite, dry; basalt, wet; basalt, dry) and regressed nearest neighbors against each other within each group. The resulting single-lag regressions indicated very low autocorrelation between NDVI values at random locations and their nearest neighbor (granite wet r 2 , 0.0001, P ¼ 0.99; granite dry r 2 ¼ 0.0004, P ¼ 0.13; basalt wet r 2 ¼ 0.015, P , 0.001; basalt dry r 2 ¼ 0.047, P , 0.001). The significant P values on basalt despite very small r 2 values in the random location data illustrate a problem with using large numbers of random points or animal locations for analyses (and in turn inferences): effects sufficiently small to be of little biological interest yield significant P values when sample sizes are sufficiently large. This issue, common among imagery and animal location data, applies to several of our analyses. To offset this problem, we stress results with both significant P values and large (we believe biologically significant) effects in our results and discussion. We further addressed the high degrees of freedom in the random locations by randomly subsampling these data from 14 980 down to 1070 locations (the same number of points we arrived at for the buffalo locations). This raised the issue of Type 2 errors due to sample size reduction. To address this, in parallel with running analyses on the reduced data sets, we ran all analyses with the full data sets (14 980 random points and 14 980 buffalo locations). All relationships were consistent between the two analyses, but data reduction did broaden confidence intervals, leading to more conservative evaluations of the data. We merged the random location data with the buffalo location data, allowing the comparison of buffalo locations to random points in the same analyses. We used multifactor and single-factor ANOVA for these analyses, with location NDVI values and distance to rivers, water holes, and boreholes as the dependent variables, and type of point (buffalo vs. random location), substrate (granite, basalt), and season (wet, dry) as the independent factors.
To assess heterogeneity of NDVI values on granite and basalt, we generated 196 438 random points across the study area, and for each point, extracted NDVI values from the same four layers we used to acquire NDVI values at buffalo locations. (We started with 200 000 random points, but some fell on data seams in the GIS layers and were deleted. No points with values that fell within the possible range of NDVI values, À1 to 1, were deleted.) We calculated the mean, standard deviation, and coefficient of variation (CV) within each of these four data sets (NDVI layers), and used differences in CV between granite and basalt as indicators of NDVI (forage quality) heterogeneity.
Forage quantity
Each year KNP staff conduct Veld Condition Assessments (VCA) at ;533 fixed sampling sites across the KNP (SANPARKS, unpublished data). The time of the surveys varies slightly from year to year based upon variation in rainfall, and other management activities, but the surveys typically occur in the wet season during peak standing biomass, and depending on site accessibility and staffing, not all sites are sampled all years. Personnel walk four 50-m transects from each sampling site, sampling with a disk pasture meter every 2 m, taking 25 sample readings per transect, yielding 100 points per sampling station. These data are then compiled, and an estimate of standing biomass in kilograms per hectare is calculated for each site. For these analyses, we used single-factor ANOVA with biomass as the dependent variable and substrate (granite, basalt) as the independent variable.
RESULTS
Mean NDVI values at random points were significantly lower during the dry season than in the wet season (F 1,1064 ¼ 1097.9, P , 0.001) (Fig. 2a) and lower on granite substrates than on basalt in all satellite views (F 1,1064 ¼ 9.12, P ¼ 0.003) ( Table 1) . The geology by season interaction was not significant (F 1,1064 ¼ 0.002, P ¼ 0.97).
Standing crop in kilograms per hectare was higher on basalt than on granite as measured during the annual Kruger Veld Condition Assessments (F 1,1357 ¼ 27.42, P , 0.0001) (Fig. 2b) .
In each satellite view, there was less variation in NDVI values within random points on granite than within random points on basalt, indicating that granite is a uniformly lower-quality foraging environment than basalt (Table 1) .
Despite the higher mean NDVI values of random points on basalt areas compared to granite (Fig. 2a) , buffalo locations on granite had higher average NDVI values than on basalt, and buffalo selected for areas of higher than average NDVI within granite areas, but lower than average NDVI within basalt (F 1,2129 ¼ 11.39, P , 0.001) (Fig. 3) .
Buffalo locations averaged ;300 m farther from rivers in the wet season compared with the dry season ( ;1 km farther from rivers on granite than on basalt (F 1,1065 ¼ 60.6, P , 0.001) (Fig. 4a) , while random points did not differ significantly in their distance to rivers between granite and basalt (F 1,1067 ¼ 0.44, P ¼ 0.51 ). The season by substrate interaction for buffalo locations was not significant (F 1,1065 ¼ 0.999, P ¼ 0.31768).
Buffalo location distances from boreholes in the wet and dry seasons did not differ significantly (F 1,1065 ¼ 0.27, P ¼ 0.6), and the season by substrate interaction was not significant (F 1,1065 ¼ 0.27, P ¼ 0.6). Buffalo locations on granite averaged ;500 m farther from boreholes than buffalo locations on basalt, and random points on granite and basalt were similar distances to boreholes (F 1,1066 ¼ 0.0002, P ¼ 0.99) (Fig. 4b) .
Buffalo locations were closer to water holes in the wet seasons than in the dry season (F 1,1065 ¼ 63.4, P , 0.001). The season by substrate interaction was significant (F 1,1065 ¼ 30.4, P , 0.001), driven by buffalo on granite moving closer to water holes in the wet season (mean distance 8.9 km from water holes in the dry season vs. 4.8 km in the wet season), although overall, buffalo locations on granite and basalt averaged similar distances from water holes (F 1,1067 ¼ 0.48, P ¼ 0.49) (Fig.  4c) . Random points were farther from water holes on granite than on basalt (F 1,1066 ¼ 105, P , 0.001) (Fig.  4c) .
Mean herd sizes on granite from the annual KNP dry season Megaherbivore Censuses were approximately half the mean size of herds on basalt (F 1, 634 ¼ 26.042, P , 0.001) (Fig. 5a ). There was no significant effect of year (2001 to 2003) on herd size (F 2, 634 ¼ 0.97150, P ¼ 0.37908), nor was the year by geology interaction significant (F 2, 634 ¼ 1.6770, P ¼ 0.19).
Similarly, from our year-round count data, the mean herd size on granite was approximately half that of basalt (F 1, 117 ¼ 17.314, P , 0.001) (Fig. 5b) . There was no significant effect of season on herd size (determined from field count data) (F 1, 117 ¼ 0.48, P ¼ 0.49), nor was the season by substrate interaction significant (F 1, 117 ¼ 1.17, P ¼ 0.28). Year (2002 and was not significant as a main effect on herd size (F 1, 110 ¼ 0.73, P ¼ 0.39), nor in interactions with season (F 1, 110 ¼ 2.45, P ¼ 0.12), or geology (F 1, 110 ¼ 0.15, P ¼ 0.7). Note that the mean herd sizes from our field counts are substantially higher than the Kruger dry season counts. We believe this is because our field counts were based upon herds with radio collars present, and larger herds were more likely to contain radio collars. Because we are looking for a relative effect on herd size between granite and basalt, and between seasons, we chose to keep these counts in these analyses. In addition, our field counts are based upon herds within the study region, while the aerial census data includes the entire KNP.
The herd sizes observed for typical buffalo mirrored the above results. From the KNP census data, the herd size characteristic of typical buffalo on granite was 343 individuals, and on basalt 473 individuals. From our field counts, the herd size characteristic of typical buffalo on granite was 453 individuals, and on basalt 790 individuals.
Mean home range sizes on granite were approximately half as large as on basalt for individuals that divided their time between both substrates (.40 locations on both granite and basalt) (n ¼ 42, F 1,82 ¼ 9.04, P ¼ 0.004) (Fig. 6) .
There was a similar, but not as strong, difference between individuals that spent most of their time (!5:1 ratio) on one side vs. the other, with home ranges for individuals frequenting granite averaging approximately two-thirds the size of home ranges of individuals frequenting basalt (n ¼ 24 individuals: 4 on granite, 20 on basalt; F 1,22 ¼ 3.96, P ¼ 0.059). Unfortunately, for both of these home range size analyses we did not have enough locations to further divide the data by season (yielding a home range size by season by substrate multifactor ANOVA).
DISCUSSION
Our results show that basalt areas have higher biomass than granite areas (Fig. 2b) . However, biomass estimates on both substrates are quite high, averaging .3 Mg/ha, and we suggest that from the perspective of an herbivore, the forage quantity differences between the two substrates are not meaningful. Thus, we infer that the differences we see in NDVI values are driven primarily by differences in plant greenness. Granite areas have overall lower quality (as determined by NDVI, Fig. 2a) , and forage quality of granite areas appeared less variable than basalt as indicated by a lower coefficient of variation in NDVI values at random points (Table 1) . Granite areas in KNP have higher tree densities than basalt areas (Eckhardt et al. 2000) . This observation does not confound our results, because any greenness contributed by trees would result in our overestimating grass quality on granite, bringing mean NDVI values on the two substrates closer together. Given that we found granite areas to have significantly lower NDVI values than basalt, the presence of trees does not lead to a Type 2 error.
Buffalo appear to forage in higher-quality areas when they are on granite, a substrate that is on average, lower quality than basalt (Fig. 3) . This surprising result, when combined with the smaller average home range sizes on granite (Fig. 6) , suggests that buffalo are more selective foragers when they are on granite than when they are on basalt. Alternatively, it is possible that while in the overall higher-quality basalt areas, buffalo are still selecting the best forage from these more abundant pastures (Sinclair and Gwynne 1972) , but that selection is occurring at a finer scale than we can detect using NDVI. However, Ryan (2006) found that buffalo fecal nitrogen content was higher on granite than on basalt (even when body condition was good, precluding the likelihood that their observations were due to catabolic N), further supporting the conclusion that buffalo diets are of higher quality on granite.
Another surprising result is that within the basalt areas, buffalo locations are lower quality than random points (Fig. 3) . Mean forage quality and (to a lesser extent) quantity are both relatively high on basalt (Fig.  2) , and this combination may more than offset the extra effort needed to be selective while foraging, causing buffalo to become less selective bulk foragers, as suggested by Prins (1996) . The shift from selective to bulk foraging observed by Prins (1996) was temporal, as forage quality changed from dry to wet season, respectively. In the case of this study, we appear to see a similar response, but to spatial variation in food quality and quantity. In essence, if forage overall is of sufficient quality and plentiful, it may not matter where buffalo graze as long as they are able to keep their rumen filled. If this is the case, while buffalo are on basalt, decision-making about foraging locations may be driven by factors other than forage quality and quantity. Factors we do not address here, such as predation risk from lions, ease of movement, whether an area has recently been grazed by conspecifics or other species, could all lead to buffalo using locations that are good enough, but also below average quality. Prins (1996) suggests that good enough (i.e., a maintenance diet that meets both protein and energy needs) is a diet containing roughly 8% protein and 14 600 kJ/d for a 500-kg buffalo, but this may vary considerably based on lactation, breeding status, gender, and environmental stresses.
Granite areas had uniformly lower mean NDVI values and somewhat lower biomass than basalt areas (Table 1, Fig. 2b ). While on granite, buffalo appear to be keying-in on areas of exceptionally high quality (Fig. 3) , and these areas are not near rivers or water holes as we expected (Fig. 4a, c) . This result raises the interesting possibility that buffalo are contributing to the creation or maintenance of high-quality areas on granite by influencing nutrient cycling and distribution, a process that has been documented elsewhere in South Africa. Scholes (1990) summarized a group of studies examining soil fertility and nutrient cycling in sandy soils similar to KNP's granite areas, identifying areas of high fertility on otherwise depauperate substrates that appeared to be created and maintained by animal activity (the interaction of grazers and browsers with plant life), and referring to these places as nutrient hotspots. McNaughton et al. (1997) experimentally demonstrated that nutrient hotspots are in part the result of a positive feedback loop: the use of these areas by grazers enhances plant growth and quality, creating places that are better for, and more attractive to, grazers, and the grazers in turn use these areas more. The possibility that this is occurring in KNP is supported by our result that buffalo PLATE 1. African buffalo Syncerus caffer. Photo credit: W. Getz.
locations on granite are far from rivers and water holes (Fig. 4a, c) and farther from rivers and boreholes than buffalo locations on basalt (Fig. 4a, b) . When on granite, buffalo are not using the areas that are most commonly documented to have highest forage quality, i.e., near natural water sources (Sinclair 1977 , Prins 1996 . However, the places they are using on granite are of exceptionally high quality when compared both within granite, and between granite and basalt (Fig. 3) . The set of hypotheses that we introduced in this paper, as well as the data we used, do not directly address the possibility of nutrient hotspots. However, we offer a nutrition hotspot hypothesis as a plausible explanation for the distribution patterns we see in KNP buffalo and as an interesting area for further research.
It is important to note that the above patterns may also arise due to differences in competition or predation between the two landscape types. Few data exist on predation rates in the two landscapes, and variation in the nature of spatial predation risk between granite and basalt could also lead to the patterns we are seeing. For example, although plant biomass differences between substrates may not be important from a feeding perspective, biomass is higher on basalt than on granite (Fig. 2b ). This in turn may yield a more uniform distribution of lion predation risk (because lions are ambush predators that approach prey closely under cover of vegetation before launching their final attacks [Schaller 1972] ). More dense vegetation may make it difficult for buffalo to discern areas of high vs. low risk, so buffalo distribution on the landscape is minimally influenced by spatial variation in risk in basalt areas. Granite supports ;20% less dense vegetation (Fig. 2b) , and places of high risk may be more predictable, such as near rivers or water holes, so buffalo may seek to avoid these areas while on granite. This raises the possibility of important relationships between substrate and the spatial distribution of risk, as well as the way in which buffalo responses to risk influence both their own distribution and plant distribution. If buffalo are avoiding areas of high risk on granite, and these areas tend to be near natural water sources because of the way that substrate influences vegetation, we can hypothesize that buffalo risk avoidance leads to the creation of alternate foraging areas through enrichment, that is, the creation of nutrient ''hotspot'' foraging areas away from places of highest risk. We cannot test this hypothesis here for lack of suitable data. However, it suggests a future area of research that should help broaden our understanding of the importance of trade-offs between optimal foraging from a purely consumption point of view and predator avoidance.
Herd size differences between granite and basalt areas (Fig. 5 ) may be a result of interactions among volume and quality of forage locally available per individual, and forage heterogeneity. Because overall forage density and quality are lower on granite, buffalo key-in on areas of very high-quality forage on granite and restrict their movements to these places, as reflected in the reduced home range sizes (Fig. 6) . Smaller home ranges suggest that these higher-quality areas are small (at least in comparison to those seen on basalt), so the local consequences of intraspecific competition may force reductions in group size. This may partially explain the fission-fusion patterns in buffalo group dynamics observed by Cross et al. (2005) . As buffalo move through heterogeneous environments they adjust group size to accommodate variation in forage distribution (in both quantity and quality), leading to smaller herds on granite and larger herds on basalt. It should be noted that overall density is lower on granite than basalt, and that these are two adjoining areas over which a single population roams. Thus differences in density do not result from two separate populations of buffalo contained in two separate areas; instead, the animals respond to differing environmental characteristics as they move freely about the region.
Given our attempts to evenly distribute collars between granite and basalt areas, fewer collared animals than we expected made granite their primary residence (4 animals on granite, 20 on basalt). We did not anticipate this in our original hypotheses, but a possible explanation is that we managed to relocate animals less often while they were on granite due, in part, to the larger area, and also because some individuals frequently left KNP to the west, entering private game reserves. Thus, individuals that would otherwise have been included in the analyses were excluded by the minimum number of fixes that we required for home range analyses (40, see Methods). This potential bias would influence the number of individuals labeled as residents, but should not lead to a bias in home range size estimates between the two substrates (see Methods), and so should not influence the interpretation of our result that home range sizes are smaller on granite than on basalt.
Our results suggest that buffalo selectivity depends on the nature of forage heterogeneity at a variety of spatial scales. Sinclair and Gwynne (1972) found that when individual buffalo foraged in large enclosures of highquality sward they were very selective (but these individuals were unencumbered by conspecifics). Other authors have identified landscape-scale responses to environmental heterogeneity (Sinclair 1972 , Prins 1996 . We can not directly address selectivity within foraging areas on granite or basalt, but our results show that while on granite buffalo are choosing to forage in exceptionally high-quality areas, and this suggests that they are responding to an intermediate scale of heterogeneity, well below landscape and well above that necessary when making bite choices. The differences we see here between granite and basalt areas in distribution (distance to water sources), forage selection, group size, and home range size, further suggest that to understand buffalo herd dynamics, distribution, and ultimately population dynamics (Chesson and Rosenzweig 1991) , it will be necessary to consider buffalo responses to this intermediate scale of forage heterogeneity.
Considered in parallel with the work of others, our results show that buffalo foraging and grouping behavior is surprisingly complex and strongly influenced from the bottom up. Buffalo respond to different forage quality and quantity by altering their home range size (Fig. 6 ) and group size (Fig. 5a, b) ; respond to lower overall forage quality by becoming more selective in their foraging sites (Fig. 3) ; respond to low densities and high-quality forage by becoming more selective in their diet (Sinclair and Gwynne 1972) ; and appear to respond to high densities and overall higher-quality forage by becoming less selective in their foraging (Prins 1996) , earning the title, ''supreme bulk grazers'' (Owen-Smith and Cumming 1993) (Fig. 3) .
Herbivores respond to variation in forage quality and quantity at a variety of spatial and temporal scales. Most documented responses involve local or large-scale movements that track areas of highest-quality forage (Sinclair 1977 , Fryxell et al. 1988 , Fryxell et al. 2004 ), or individual selectivity at very fine scales (Sinclair and Gwynne 1972, Macandza et al. 2004 ). Here we have identified several unexpected behavioral responses to forage heterogeneity that appear to ultimately be driven by coarse-scale differences in geologic substrate. Substrate appears to drive overall forage quality as well as heterogeneity, and buffalo respond to these differences by distributing themselves in unexpected ways with respect to water, and altering individual home range size and group size. For a group-living species with a well established need for water (Sinclair 1977 , Prins 1996 , Redfern et al. 2003 to fundamentally alter its distribution and group dynamics in response to changes in forage, suggests that forage heterogeneity is a strong driver of behavior. Our results further suggest that to better understand top-down and bottom-up influences on animal behavior and distribution, it is necessary not only to address trophic interactions, but also to consider how abiotic components, through their influence on plant community heterogeneity, indirectly influence the distribution of predation risk.
